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ABSTRACT: Macromolecular network rigidity of synthetic 
membranes is essential for sieving of hot gases. Hyper-cross-
linked polyPOSS-imide membranes with tailored inter-cage 
spacing are presented. The length and flexibility of their 
imide bridges enables tuning of gas permeability and selec-
tivity in a broad temperature range. The facile synthesis 
allows for large-scale production of membranes designed for 
specific process conditions. 
INTRODUCTION 
Sieving of hot gases requires membranes with moderated 
macromolecular dynamics at elevated temperatures.1 Recent-
ly, we have presented ultrathin polyPOSS-imide hybrid 
membranes that allow gas separation in a broad temperature 
range.2 The polyPOSS-imide membranes consist of a giant 
molecular network of polyhedral oligomeric silsesquioxanes 
(POSS), covalently linked by imide bridges. The hyper-cross-
linked network characteristics allow persistence of gas sepa-
ration performance up to 300 °C. At such temperatures size-
sieving selectivity of organic polymeric membranes disap-
pears, due to the loss in their chain rigidity.3 Here, we 
demonstrate that we can tailor the gas sieving performance 
of nanoscale hybrid membranes via selection of the imide 
bridge that connects the POSS cages. The length and flexibil-
ity of the imide bridges directly affect the macromolecular 
dynamics and inter-cage distance of the giant network. In 
turn, this enables tuning of gas permeability and selectivity 
in a broad temperature range. The facile nature of the tech-
nique used for membrane synthesis allows for large-scale and 
defect-free membrane production, with properties tailored to 
fit the process requirements.   
Hybrid materials allow integration of the superior thermo-
mechanical properties of inorganic materials and versatile 
organic polymer segments. The physical dispersion of inor-
ganic nanoparticles in polymers allows for materials synthe-
sis with properties that are a combination of the individual 
components4. Superior properties can be obtained by incor-
poration of nanoscale inorganic moieties as an intrinsic part 
of the polymeric network.5 The octahedral symmetry of pol-
yhedral oligomeric silsesquioxanes (POSS), and the wide 
array of functional groups they are decorated with, permit 
covalent bond formation in three dimensions. Here, we use a 
facile interfacial polymerization reaction that allows for 
production of nanoscale-hybrid ultrathin films.2, 6 The hybrid 
membranes are prepared by interfacial polycondensation of 
octa-ammonium POSS in water and a dianhydride in tolu-
ene, resulting in the formation of a polyPOSS-(amic acid) 
membrane film. The high reactivity of the monomers allows 
for rapid formation of inherently defect-free membranes. 
Inhibition of reactant diffusion upon film formation impedes 
further film growth, limiting the film thickness to several 
hundred nanometers. 
EXPERIMENTAL SECTION  
Synthesis of polyPOSS-imides by interfacial polymeri-
zation. Toluene (anhydrous 99.8 wt%, Sigma-Aldrich), py-
romellitic dianhydride (PMDA, Sigma-Aldrich), 3,3',4,4'-
biphenyl tetracarboxylic dianhydride (BPDA, Sigma-Aldrich), 
4,4'-oxydiphthalic anhydride (ODPA, Sigma-Aldrich), and 
4,4′-(4,4′-Isopropylidenediphenoxy)bis(phthalic anhydride) 
(BPADA) 4,4-(Hexafluoroisopropylidene) diphthalic anhy-
dride (6-FDA, Sigma-Aldrich), ammonium chloride salt 
functionalized POSS (OctaAmmonium POSS®, Hybrid Plas-
tics (USA)) and sodium hydroxide (Sigma-Aldrich)  were 
used as received. Free-standing films were prepared using 
ammonium chloride salt functionalized POSS, that is readily 
soluble in water. The pH of an aqueous solution of 0.9 wt% 
ammonium chloride salt functionalized POSS was adjusted 
using sodium hydroxide (0.1 mol L-1), and subsequently con-
tacted with the dianhydride solution in toluene (0.075 wt%). 
Supported membranes were produced on ceramic mem-
branes (α-alumina discs with a 3-μm-thick γ-alumina layer by 
pre-wetting the porous ceramic material under 0.5 bar vacu-
um in the aqueous POSS solution for 15 minutes, followed by 
contacting with the dianhydride solution in toluene for 5 
minutes. The pore size of the γ-alumina is in the order of 
several nm, and allows for defect-free interfacial 
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 Figure 1: ATR-FTIR absorbance spectra of (a) polyPOSS-(amic)acid and (b) polyPOSS-imide (after 300 °C heat treatment) pre-
pared using PMDA (—), BPDA (—), ODPA (—), BPADA (—). The bands at 1620 and 1570 cm-1 are assigned to N-H bending 
(1) and C=O stretching (2) of the amide group. After heat treatment the bands at 1620 and 1570 cm-1 are substituted by the bands 
at 1720 and 1780 cm-1, assigned to C=O asymmetric (3) and symmetric (4) stretching of the imide group, respectively. The sharp 
bands at 1125 and 1040 cm-1 can be attributed to the Si-O-Si asymmetric stretching vibrations of polyhedral and ladder silsesqui-
oxane structures, respectively. Partial cleavage of the POSS cages occurs due to hydrolysis by hydroxyl ions. 
 
polymerization membrane formation. The high hydrophilici-
ty of the γ-alumina allows for facile wetting of the pores with 
the aqueous phase. Thermal conversion of the polyPOSS-
(amic acid) to polyPOSS-imide was performed for 2 hours at 
300 °C under an air atmosphere, at a heating rate of 5 °C min-
1. 
Material characterization.  
Membrane single gas permeation experiments were per-
formed in a dead-end mode at a trans-membrane pressure of 
2 bar, and atmospheric pressure at the permeate side. Once 
the helium permeance remained constant, the other gases 
(N2, CH4, H2, and CO2, consecutively) were measured at 
temperatures between 50-300 °C. 
 
RESULTS AND DISCUSSION 
After film formation by interfacial polymerization, the pol-
yPOSS-(amic acid) is converted to a polyPOSS-imide by 
thermal treatment at 300 °C. Figure 1 shows the Attenuated 
Total Reflection - Fourier Transform Infrared Spectroscopy 
(ATR-FTIR) spectra of the polyPOSS-(amic acid) and poly-
POSS-imide materials. The polyPOSS-(amic acid) spectra in 
Figure 1a show common peaks at identical wave numbers 
that can be attributed to the POSS cages, the amic acid 
groups, and the phenyl groups. The differences between the 
polyPOSS-(amic acid) spectra originate from the different 
functional groups of the dianhydrides; PMDA contains a 
1,2,4,5-substituted phenyl, ODPA contains an ether, and 
BPADA has quaternary carbon and ether bonds (the com-
plete peak analysis can be found in the supporting infor-
mation). After thermal treatment two distinct imide bands 
emerge at 1720 and 1780 cm-1. These peaks are attributed to 
the polyimide carbonyl symmetric and asymmetric stretch-
ing, respectively. The vanishing of the amic acid bands at 
1620 and 1570 cm-1 indicates that complete conversion of the 
amic acid to imide groups is achieved.7 Also, the polyPOSS-
imide spectra lack carboxylic acid and dianhydride bands, 
implying that no detectable unreacted dianhydride moieties 
remain after imidization. The ratios between the POSS and 
imide peak intensities are similar for all polyPOSS-imides, 
implying that the number of imide groups on each POSS 
cage is not strongly affected by differences in reactivity and 
solubility of the dianhydrides.  
The similar degree of POSS interconnectivity is confirmed 
by X-ray photoelectron spectroscopy (XPS) measurements of 
ceramic supported polyPOSS-imide membranes (supporting 
information). Deconvoluted nitrogen elemental spectra 
reveal that, on average, 4 out of 8 functional groups on each 
POSS cage are converted to imides. The remaining unreacted 
functional groups are mostly primary amines, of which a 
slight fraction is protonated. The nitrogen, silica and carbon 
elemental compositions derived from the XPS measurement
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 Figure 2: a) Single gas permeance at 200 °C as function of gas kinetic diameter for the polyPOSS-imides derived from PMDA (
), BPDA (  ), ODPA ( ), 6FDA (  ) and BPADA ( ). All polyPOSS-imides are selective towards smaller kinetic diameter gas-
es. The gas permeance of all gases increases with increasing dianhydride molecular length, supporting the hypothesis that the 
inter-POSS spacing is a key parameter for the membrane characteristics. b) The H2/N2 ideal gas selectivity as function of hydro-
gen permeance at 100 °C (open, crossed symbols), 200 °C (closed symbols) and 300 °C (open symbols) for the polyPOSS-imides 
derived from the different dianhydrides. The H2/N2 selectivity increases with decreasing imide bridge length, while H2 perme-
ance is lower for the short imide bridges. 
 
suggest a similar number of imide bridges per POSS mole-
cule, assuming that no unreacted dianhydride groups re-
main. Both the infrared and XPS spectra reveal that partial 
hydrolysis of the POSS cage occurs. The wide range of di-
anhydrides suitable for the interfacial polycondensation of 
octa-ammonium POSS allows for production of gas separa-
tion membranes with a tailored inter-cage spacing. Figure 2 
demonstrates the adaptability of the single gas permeance 
and selectivity over a broad temperature range, by the use of 
different imide bridges. Figure 2a shows the gas sieving abili-
ties of the membranes. The gas permeance follows a mono-
tonic decrease with increasing kinetic diameter of the mole-
cules, indicating that molecular separation occurs on basis of 
size exclusion. The diffusivity-controlled selectivity was also 
observed for the 6-FDA based polyPOSS-imides, and origi-
nates from the hyper-cross-linked network characteristics. 
The permeance of each gas increases with increasing length 
of the imide bridges. This indicates that the larger spacing 
between the POSS cages results in increased permeation. The 
observation that transport occurs via the organic bridges of 
the hybrid material is supported by molecular dynamics 
simulations of gas transport in amino functionalized POSS.8 
Figure 2b shows that the inter-cage distance also affects the 
permselectivity. The H2/N2 selectivity as function of the H2 
permeance shows the typical trade-off for molecular sieving 
membranes. A decrease in permeance, with decreasing 
length of the imide bridge, concurs with a substantial in-
crease in the H2/N2 selectivity. At 100, 200 and 300 °C a simi-
lar trade-off between selectivity and permeance can be ob-
served. 
The gas permeation data as function of temperature 
demonstrates the hyper-cross-linked characteristics of the 
polyPOSS-imides. Figure 3 shows the Arrhenius plots for the 
membranes prepared with BPDA and BPADA. The Arrhenius 
plots for the membranes prepared with PMDA and ODPA 
are given in the supporting information. All membranes 
showed persistent gas selectivity in the temperature range of 
50-300 °C. Thermogravimetric analysis (TGA, supporting 
information) confirms that no material degradation occurs 
below 300 °C for all polyPOSS-imides. For all membranes the 
permeances increase with temperature, and an Arrhenius-
type temperature dependence is observed for most gases. 
The membranes based on the shortest linkers, BPDA (Figure 
3a) and PMDA (supporting information, Figure S1), show 
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Figure 3: Arrhenius plot of the logarithm of the single gas permeance of He, H2, CO2, N2 and CH4, as a function of 1000 R
-1T-1 for 
the polyPOSS-imides derived from BPDA (a), and BPADA (b). The apparent activation energies for gas permeance are given in 
table S1 in the supporting information, calculated from the slope of ln(permeance) as function of R-1T-1. The corresponding ideal 
gas selectivities of H2/N2, H2/CH4, H2/CO2 and CO2/CH4 as a function of temperature for the polyPOSS-imides derived from 
BPDA (c) and BPADA (d). The dashed lines are drawn as a guide to the eye. 
 
similar apparent activation energies for all gases. The ab-
sence of any significant changes in the activation energy 
demonstrates the resilience of these membranes with respect 
to the operating temperature. This translates into the unsur-
passed permselectivities that these membranes display at 
temperatures up to 300 °C. Figure 3b shows the correspond-
ing permselectivities of H2/N2, H2/CH4, H2/CO2 and 
CO2/CH4 as a function of temperature. Single gas H2/N2 and 
H2/CH4 selectivities between 40-190 are observed for BPDA 
and 10-55 for PMDA based membranes, respectively. Most 
noteworthy, the H2/N2 and H2/CH4 selectivity predominantly 
increases with temperature. The H2/CO2 selectivities are 
above 10 over the complete temperature range of 50-300 °C 
for the BPDA based polyPOSS-imides. Relatively few mem-
brane materials have been characterized in a similar temper-
ature range, due to the limited membrane performance sta-
bility at elevated temperatures. In the last few years, data 
have become available on polybenzimidazole membranes. 
These membranes exhibit slightly higer selectivities, but 
significantly lower permeances. Also, interesting work has 
been performed on elevated temperature gas separation with 
polyimides and polyaramides.3,9 The performance of these 
materials is comparable to our hybrid materials, but does not 
persist up to 200 °C.10 There is a range of rigid polymers, such 
as poly(benzoxazole)s and poly(benzoxazole-co-imides), that 
have potential for high temperature gas separation.11 Yet, 
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 currently there is a lack of performance data at high temper-
atures. 
 
The polyPOSS-imides allow for facile tailoring of the rigidity 
and spacing of the segments that connect the POSS cages. 
The short imide bridges constrain macromolecular motions 
that would allow for permeation of larger kinetic diameter 
gas molecules. This is in contrast to longer imide bridges, 
ODPA and BPADA. These longer bridges display tempera-
ture dependent apparent activation energies for the gas 
permeance of the larger molecules, N2 and CH4. At elevated 
temperature the molecular mobility of the longer bridges is 
more affected by an increase in temperature, as compared to 
the mobility of the short imide bridges. This in line with the 
variation in the coherence length found for conventional 
polyimides, obeying the order PMDA > BPDA > ODPA > 
BPADA.12 The augmented network mobility is manifested by 
a contribution to the apparent energy of activation, reflected 
by an increased permeation. This effect is most pronounced 
for the larger molecules that suffer the most from size exclu-
sion. At lower temperatures the molecular motions of the 
network are less pronounced and their contribution to the 
apparent energy of activation diminishes. This is reflected by 
a lower apparent energies of activation of N2 and CH4 per-
meance at temperatures below 150 °C. Differential scanning 
calorimetry (DSC) measurements on all polyPOSS-imides 
(supporting information) do not show any sharp transitions, 
indicating the network dynamics only change gradually. The 
absence of a glass transition at temperatures up to 300 °C can 
therefore not be the origin of the change in in apparent acti-
vation energy. The transition in activation energies results in 
a maximum selectivity of H2/N2 and H2/CH4 of ODPA and 
BPADA (d) based polyPOSS-imides at a temperature around 
150 °C. The different selectivities of the polyPOSS-imides as 
function of temperature stresses the importance of the net-
work dynamics for membrane performance, even in a system 
with relatively short flexible moieties. This understanding is 
essential for selecting the suitable imide bridge, and allows 
for a broad range of applications and operating conditions. 
In conclusion, the polyPOSS-imide membranes allow un-
precedented gas sieving performance at elevated tempera-
tures. Their facile synthesis allows for large-scale production 
of membranes designed for specific process conditions. The 
molecular sieving characteristics can be tailored by varying 
the inter-cage spacing, via the length of the imide bridge. 
The persistence of gas separation stability up to 300 °C un-
derlines the hyper-cross-linked periodic network characteris-
tics of the covalently bound rigid POSS. The simple and 
reliable synthesis method potentially allows for large-scale 
production of a new generation of tailor-made hybrid mem-
branes for industrial scale applications that require sieving of 
hot gases. 
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Material analysis using single gas permeation analysis, differ-
ential scanning calorimetry, thermal gravimetric analysis, X-
ray photoelectron spectroscopy and full infrared peak analy-
sis are given. This material is available free of charge via the 




* Inorganic Membranes, University of Twente, Department 
of Science and Technology, MESA+ Institute for Nanotech-




The authors declare no competing financial interests. 
ACKNOWLEDGMENT  
This research has received funding from the European Union 
Seventh Framework Programme FP7-NMP-2010-Large-4 
under Grant Agreement n° 263007 (acronym CARENA). MW 
acknowledges support through the Alexander von Humboldt 
Foundation. 
REFERENCES 
1. Maier, G., Gas separation with polymer membranes. An-
gewandte Chemie - International Edition 1998, 37 (21), 2961-2974. 
2. Raaijmakers, M. J. T.; Hempenius, M. A.; Schön, P. M.; 
Vancso, G. J.; Nijmeijer, A.; Wessling, M.; Benes, N. E., Sieving of Hot 
Gases by Hyper-Cross-Linked Nanoscale-Hybrid Membranes. Jour-
nal of the American Chemical Society 2013, 136 (1), 330-335. 
3. Koros, W. J.; Woods, D. G., Elevated temperature applica-
tion of polymer hollow-fiber membranes. Journal of Membrane 
Science 2001, 181 (2), 157-166. 
4. (a) Le, N. L.; Chung, T. S., High-performance sulfonated 
polyimide/polyimide/polyhedral oligosilsesquioxane hybrid mem-
branes for ethanol dehydration applications. Journal of Membrane 
Science 2014, 454, 62-73; (b) Lee, Y. J.; Huang, J. M.; Kuo, S. W.; 
Chang, F. C., Low-dielectric, nanoporous polyimide films prepared 
from PEO-POSS nanoparticles. Polymer 2005, 46 (23), 10056-10065; 
(c) Chua, M. L.; Shao, L.; Low, B. T.; Xiao, Y.; Chung, T. S., Polyeth-
eramine-polyhedral oligomeric silsesquioxane organic-inorganic 
hybrid membranes for CO2/H2 and CO2/N2 separation. Journal of 
Membrane Science 2011, 385-386 (1), 40-48; (d) Li, Y.; Chung, T. S., 
Molecular-level mixed matrix membranes comprising Pebax® and 
POSS for hydrogen purification via preferential CO2 removal. Inter-
national Journal of Hydrogen Energy 2010, 35 (19), 10560-10568. 
5. (a) Laine, R. M.; Roll, M. F., Polyhedral phenylsilsesquiox-
anes. Macromolecules 2011, 44 (5), 1073-1109; (b) Nischang, I.; 
Brüggemann, O.; Teasdale, I., Facile, single-step preparation of 
versatile, high-surface-area, hierarchically structured hybrid materi-
als. Angewandte Chemie - International Edition 2011, 50 (20), 4593-
4596; (c) Oaten, M.; Choudhury, N. R., Silsesquioxane-urethane 
hybrid for thin film applications. Macromolecules 2005, 38 (15), 
6392-6401; (d) Wu, G.; Su, Z., Polyhedral oligomeric silsesquioxane 
nanocomposite thin films via layer-by-layer electrostatic self-
assembly. Chemistry of Materials 2006, 18 (16), 3726-3732; (e) Zhang, 
C.; Babonneau, F.; Bonhomme, C.; Laine, R. M.; Soles, C. L.; Hristov, 
H. A.; Yee, A. F., Highly porous polyhedral silsesquioxane polymers. 
Synthesis and characterization. Journal of the American Chemical 
Society 1998, 120 (33), 8380-8391. 
6. Dalwani, M.; Zheng, J.; Hempenius, M.; Raaijmakers, M. J. 
T.; Doherty, C. M.; Hill, A. J.; Wessling, M.; Benes, N. E., Ultra-thin 
hybrid polyhedral silsesquioxane-polyamide films with potentially 
unlimited 2D dimensions. Journal of Materials Chemistry 2012, 22 
(30), 14835-14838. 
7. Diaham, S.; Locatelli, M. L.; Lebey, T.; Malec, D., Thermal 
imidization optimization of polyimide thin films using Fourier 
transform infrared spectroscopy and electrical measurements. Thin 
Solid Films 2011, 519 (6), 1851-1856. 
8. Neyertz, S.; Gopalan, P.; Brachet, P.; Kristiansen, A.; 
Männle, F.; Brown, D., Oxygen transport in amino-functionalized 
polyhedral oligomeric silsesquioxanes (POSS). Soft Materials 2014, 12 
(1), 113-123. 
9. Rezac, M. E.; Koros, W. J.; Miller, S. J., Membrane-assisted 
dehydrogenation of n-butane. Influence of membrane properties on 
5 
 
 system performance. Journal of Membrane Science 1994, 93 (2), 193-
201. 
10. (a) Berchtold, K. A.; Singh, R. P.; Young, J. S.; Dudeck, K. 
W., Polybenzimidazole composite membranes for high temperature 
synthesis gas separations. Journal of Membrane Science 2012, 415-
416, 265-270; (b) Kumbharkar, S. C.; Liu, Y.; Li, K., High performance 
polybenzimidazole based asymmetric hollow fibre membranes for 
H2/CO2 separation. Journal of Membrane Science 2011, 375 (1-2), 231-
240; (c) Li, X.; Singh, R. P.; Dudeck, K. W.; Berchtold, K. A.; Benice-
wicz, B. C., Influence of polybenzimidazole main chain structure on 
H2/CO2 separation at elevated temperatures. Journal of Membrane 
Science 2014, 461, 59-68. 
11. (a) Calle, M.; Doherty, C. M.; Hill, A. J.; Lee, Y. M., Cross-
linked thermally rearranged poly(benzoxazole-co-imide) membranes 
for gas separation. Macromolecules 2013, 46 (20), 8179-8189; (b) 
Calle, M.; Lozano, A. E.; Lee, Y. M., Formation of thermally rear-
ranged (TR) polybenzoxazoles: Effect of synthesis routes and poly-
mer form. European Polymer Journal 2012, 48 (7), 1313-1322; (c) Jo-
seph, W. D.; Abed, J. C.; Mercier, R.; McGrath, J. E., Synthesis and 
characterization of fluorinated polybenzoxazoles via solution cy-
clization techniques. Polymer 1994, 35 (23), 5046-5050; (d) Kim, S.; 
Han, S. H.; Lee, Y. M., Thermally rearranged (TR) polybenzoxazole 
hollow fiber membranes for CO 2 capture. Journal of Membrane 
Science 2012, 403-404, 169-178. 
12. Ree, M.; Kim, K.; Woo, S. H.; Chang, H., Structure, chain 
orientation, and properties in thin films of aromatic polyimides with 









 SYNOPSIS TOC  
 
 
 
 
7 
 
